Objective-Medication non-adherence is a major cause of uncontrolled hypertension, but clinicians are poor at judging adherence, and the gold standard for measuring adherence, electronic monitoring, is rarely available in clinical settings. Self-report questionnaires (SRQs), by contrast, are inexpensive, easy to administer, and hence, may be useful for "diagnosing" nonadherence. In this study we evaluated the validity of two commonly used medication adherence SRQs among patients with uncontrolled hypertension, using electronic pillbox measurement as the gold standard.
Introduction
Hypertension is one of the most common chronic diseases seen in primary care, affecting nearly one third of U.S. adults, and is a leading risk factor for cardiovascular disease and morality. [1] [2] [3] Despite improvements in awareness and increased use of antihypertensive medications, approximately 30% of American adults treated for hypertension have uncontrolled blood pressure (BP), 2, 4 often due to medication non-adherence. [5] [6] [7] Assessment of adherence is thus an important component of achieving BP control. Unfortunately, providers are often unsure about patients' adherence levels, 8 and clinicians' predictions of non-adherence are little better than chance. [9] [10] [11] [12] Measures of adherence to antihypertensive medications that are both reliable and suitable for use in clinical practice are therefore needed.
While electronic monitoring is widely viewed as the gold standard measurement of day-today medication adherence, 13 it is not readily available to most practitioners. Self-report questionnaires (SRQs), by contrast, are quick, inexpensive, and easy to administer, but may not be accurate due to patients' tendency to over-report adherence. 13 Several antihypertensive medication SRQs have been compared with objective adherence measures, including pharmacy refill data, pill counts, and electronic monitoring. 14 Although some SRQs have been positively associated with these objective measures, [15] [16] [17] [18] [19] [20] studies evaluating the test properties of these SRQs for identifying non-adherence in clinical settings are lacking. 17, [20] [21] [22] Two of the more commonly used SRQs in patients with hypertension are the 8-item Morisky Medication Adherence Scale© (MMAS-8) and the Visual Analog Scale (VAS). 14 The MMAS-8 has been associated with BP control 23 and pharmacy refill data, 24 but has not been compared with day-to-day electronic adherence monitoring. One small study compared VAS scores with electronic monitoring but did not assess the ability of the instrument to detect non-adherence. 15 Before an SRQ is used in clinical settings, an understanding of its ability to identify nonadherence is needed. Thus, the goal of this study was to determine the test properties of the MMAS-8 and VAS in identifying antihypertensive medication non-adherence in patients with uncontrolled hypertension, using electronic measurement as the gold standard comparator.
practices are located in low-income, racially and ethnically diverse neighborhoods. The study was approved by the Institutional Review Board of each medical center, and all participants provided written informed consent.
Patients were eligible for the study if they had an established relationship with a primary care provider who was enrolled in the study; were age 18 or older; spoke English or Spanish; were prescribed at least one antihypertensive medication; and had uncontrolled hypertension at the baseline study visit and at their previous clinic visit, as defined by criteria from the Seventh Joint National Committee report: 25 systolic BP (SBP) ≥140 mmHg or diastolic BP (DBP) ≥90 mmHg in patients without diabetes mellitus (DM) or chronic kidney disease (CKD, estimated glomerular filtration rate [eGFR] <60 mL/min/1.73 m 2 ), SBP ≥130 mmHg or DBP ≥80 mmHg in patients with DM or CKD). Patients were ineligible for participation if any of the following criteria were met: severe uncontrolled hypertension (SBP ≥200 mmHg or DBP ≥130 mmHg); severe physical, cognitive, or psychiatric impairment that limited ability to self-administer antihypertensive medications; terminal non-cardiovascular illness; unavailability for follow-up; or enrollment in another cardiovascular clinical trial. All recruitment procedures and patient interviews were conducted in participants' preferred language (English or Spanish), and all questionnaires were professionally translated into Spanish.
Electronic adherence measurement
Each participant was enrolled at a routine clinic visit and was provided a 4-compartment MedSignals® pillbox (LIFETechniques Inc., San Antonio, TX), which can monitor adherence to up to four medications simultaneously. The device records a pill as taken each time the lid of the individual pillbox compartment is opened and closed. Data on adherence are transmitted from the pillbox to the MedSignals server via landline, or, among the newer generation of devices, via a cellphone embedded in the device. Participants were instructed to fill the pillbox with their antihypertensive medications and take them as they normally would between the baseline visit and their next scheduled clinic visit. For each monitored antihypertensive medication, adherence was calculated as the percent of days on which the correct number of doses was taken as prescribed. For medications with more than one daily dose, participants were considered partially adherent if they took at least one daily dose (e.g., for twice daily medications, participants were considered 50% adherent on days they took the medication once). Extra doses did not count for or against the adherence percentage (e.g. for once daily medications, participants were considered 100% adherent on days they took the medication twice). Participants were asked about days on which they were hospitalized or had been instructed to omit or discontinue a monitored medication; such periods were excluded from calculations of adherence rates. The overall regimen adherence percentage was calculated as the mean adherence across all the antihypertensive medications being taken. As has become convention for studies of antihypertensive medication adherence, non-adherence was defined as overall adherence less than 80%. 26 
Self-report questionnaires (SRQs)
At the second clinic visit, participants returned the electronic pillbox and completed a single MMAS-8 and VAS, querying adherence to all of their antihypertensive medications since their last visit. The MMAS-8 23, 24, 27 consists of eight items that assess extent of nonadherence (e.g. how frequently patients fail to take their antihypertensive medications) and reasons for non-adherence (e.g. whether they feel taking daily antihypertensive medications is a hassle). The questionnaire is scored from 0 to 8, with 8 indicating highest adherence. According to cutpoints recommended by the developers of the MMAS-8, a score less than 6 indicates low adherence, 6 to less than 8 indicates medium adherence, and 8 indicates high adherence.
The VAS consists of a numbered line with intervals of 10% from 0% to 100% for each of the electronically monitored medications. For each medication, participants marked an "X" on the line corresponding to their estimated adherence over the monitoring period. A participant's overall VAS score was calculated by averaging scores across all antihypertensive medications. VAS scores range from 0% to 100%, with 100% indicating highest adherence. Following conventions used in previously published studies, a score less than 80% indicates low adherence. 15 
Other measures
Demographic information was obtained by self-report at the baseline visit. Data on participants' medical comorbidities were obtained by review of their medical records. Acceptability of use of the electronic pillbox was assessed by questionnaire, using a fivecategory Likert scale, during the second visit.
Cohort assembly
Out of 522 patients screened, 43 (8%) declined to participate and 279 (53%) were ineligible. After these exclusions, 200 patients enrolled in the study. Of enrolled participants, 152 (76%) had data available from the electronic pillbox, and 149 of these participants also completed the SRQs at the second study visit. Reasons for not having valid electronic pillbox data included dropout from study (4%), loss to follow-up (2%), failure to return landline pillboxes (7%), failure to use the pillbox during the monitoring period (7%), and pillbox technical problems (2%).
Statistical analyses
Participant characteristics were calculated for the overall study population. The relationship between MMAS-8 and VAS scores and adherence by the electronic pillboxes was calculated using the linear-by-linear association test. Using adherence from the pillboxes as the gold standard, sensitivity, specificity, and positive and negative likelihood ratios (LRs) for detecting non-adherence were calculated for the MMAS-8 and VAS separately. LRs indicate how much the result from an SRQ increases or decreases the pretest probability of nonadherence, and are advocated in the assessment of the usefulness of diagnostic tests. 28 LRs greater than 10 or less than 0.1 are considered to generate large and important changes from pretest to posttest probability; LRs of 5 to 10 and 0.1 to 0.2 generate moderate shifts from pretest to posttest probabilities; LRs from 2 to 5 and 0.5 to 0.2 generate small shifts from pretest to posttest probabilities; and LRs from 1 to 2 and 0.5 to 1 generate very small and rarely important changes from pretest to posttest probability. Analyses were performed using two different cutpoints on the MMAS-8 (<6 vs. 6-8 and <8 vs. 8) and on the VAS (<80% vs. 80-100% and <100% vs. 100%). The methods described by Simel and colleagues were used to calculate 95% confidence intervals for each of these estimates. 29 Sensitivity analyses were performed restricted to: (1) participants who had adherence monitored for at least 2 weeks, (2) participants taking no more than two antihypertensive medications, and (3) participants whose preferred language was English. All analyses were performed using SPSS (version 21.0, IBM Corp., Armonk, NY).
Results

Participant characteristics
Baseline characteristics of study participants are shown in Table 1 . Mean (SD) age was 64 (9) years; 72% of participants were female, 75% were Hispanic, and 83% had Medicaid. The prevalence of medical comorbidities in the study population was high: 57% had DM, 29% had CKD, and 15% had coronary artery disease. Participants were prescribed a mean (SD) of 2.56 (0.98) antihypertensive medications.
Mean (SD) SBP and DBP at the first clinic visit were 159 (19) mmHg and 85 (12) mmHg, respectively. A majority (80%) of participants continued to have uncontrolled BP at the second visit: mean (SD) SBP and DBP were 149 (21) mmHg and 81 (12) mmHg, respectively.
Electronic adherence data
Adherence was monitored for a median of 50 days (range 6-188 days). A majority (91%) of participants reported that the device was very easy or somewhat easy to use. Median adherence by the MedSignals pillbox was 86% (range 0-100%); 42% of participants were categorized as non-adherent by the threshold of less than 80% adherence.
Test properties of SRQs
The median MMAS-8 score was 7.00 (range 2.75-8.00), and the median VAS score was 100% (range 0-100%). As shown in the Figure, lower levels of adherence on the MMAS-8 and VAS were each associated with a higher proportion of patients who were non-adherent by electronic measurement (linear-by-linear association p-values = 0.002 and 0.004, respectively).
Twenty-three percent of participants had an MMAS-8 score less than 6, and 57% had an MMAS-8 score less than 8. With electronic measurement as the gold standard, an MMAS-8 score less than 6 had a sensitivity of 32% (95% confidence interval [CI] 21-44%) and specificity of 84% (95% CI 76-92%) for detecting non-adherence (Table 2) . Positive LR for identifying non-adherence was 2.00 (95% CI 1.10-3.65) and negative LR was 0.81 (95% CI 0.66-0.98). Using an MMAS-8 score less than 8, sensitivity and specificity for identifying non-adherence on electronic monitoring were 71% (95% CI 60-82%) and 53% (95% CI 42-63%), respectively. The positive LR was 1.51 (95% CI 1.15-1.98) and negative LR was 0.55 (95% CI 0.35-0.85).
Nine percent of participants had a VAS score less than 80%, and 39% had a VAS score less than 100%. VAS scores less than 80% had a sensitivity of 18% (95% CI 8-27%) and specificity of 98% (95% CI 95-100%) for non-adherence by electronic monitoring, with a positive LR of 7.72 (95% CI 1.77-33.6) and negative LR of 0.84 (95% CI 0.75-0.95). A VAS score less than 100% had a sensitivity of 48% (95% CI 36-62%), specificity of 68% (95% CI 58-78%), positive LR of 1.50 (95% CI 1.01-2.24), and negative LR of 0.76 (95% CI 0.57-1.01) for non-adherence by electronic monitoring.
Results were similar in a sensitivity analysis restricted to participants monitored for at least 2 weeks (n = 139, 93%; data not shown). Restricting to participants taking no more than two antihypertensive medications (n = 72, 48%) or those whose preferred language was English (n = 51, 34%) likewise did not change the pattern of results.
Discussion
In this study of 149 primary care patients with uncontrolled hypertension prescribed at least one antihypertensive medication, the MMAS-8 and VAS were modestly helpful for distinguishing between adherent and non-adherent patients when compared with the gold standard of electronic measurement. As expected, participants tended to over-report their adherence. While more than 40% of participants were non-adherent by electronic measurement, fewer than 25% reported low adherence on the MMAS-8, and fewer than 10% indicated low adherence on the VAS. Over-reporting can be mitigated by adjusting the thresholds for non-adherence in the questionnaires, but in our sample neither SRQ achieved both high sensitivity and specificity, regardless of the cutpoints used. Applying low thresholds for non-adherence (MMAS-8 <6 and VAS <80%) to maximize specificity, the MMAS-8 and VAS had moderate (84%) and high (98%) specificity for non-adherence, respectively. However, relatively few participants had scores in this range (fewer than 25% and 10% for the MMAS-8 and VAS, respectively). Even after applying the highest possible thresholds for non-adherence (MMAS-8 <8 and VAS <100%) to maximize sensitivity, the MMAS-8 and VAS had only modest sensitivity (71% and 48%, respectively).
Moreover, it is unclear whether the likelihood ratios for these SRQs are sufficient to improve clinicians' confidence in patients' adherence status in a meaningful way. For example, given a pretest probability of non-adherence of 50%-consistent with studies suggesting that clinicians' predictions of non-adherence are little better than chance 9-12 -an MMAS-8 score less than 6 would yield a post-test probability of non-adherence of 67%, and a score of 8 would yield a post-test probability of non-adherence of 35%. Although a VAS score less than 80% had a moderately high positive LR (7.72), there was a wide confidence interval around this estimate owing to the small proportion of participants who reported adherence at this level.
While prior studies have assessed the association of the MMAS with BP control 23 and pharmacy refill data, 24 ours is the first to compare it with electronic monitoring. One small study of patients with hypertension, diabetes, or dyslipidemia found that VAS scores correlated poorly with electronic adherence measurement. 15 In that analysis, however, adherence to a single cardiovascular or diabetic medication was measured as a surrogate for the entire regimen, even though adherence may vary between such medications based upon differences in medication beliefs, side effect profiles, and frequency of dosing. 30, 31 Furthermore, the VAS was compared with a subsequent electronic monitoring period, and hence, the study did not test whether the VAS could be used to retrospectively determine patients' adherence status, as would be needed for it to be useful to clinicians titrating antihypertensive medications.
This study has several strengths. First, the MedSignals pillbox enabled us to measure adherence to all or most (up to four) of participants' antihypertensive medications, rather than monitoring one medication as a surrogate for the entire regimen. Second, we enrolled a cohort of patients from a diverse, low-income background (indicated by the high proportion of participants on Medicaid), a population that is often excluded from research participation. Third, we assessed adherence in a clinical setting. Fourth, in contrast with prior studies, participants were asked about adherence during the period in which it was electronically monitored. There were also some limitations. With electronic monitoring, one cannot confirm that pillbox openings indicate that a medication dose was taken. The Hawthorne effect-the phenomenon by which individuals change their behavior as a result of participating in a study-may have led participants to take their medications more regularly than usual. Moreover, non-adherers may have been less likely to volunteer for the study. Thus, the prevalence of non-adherence in our sample may represent a conservative estimate of the true prevalence of non-adherence in the study population. Innumeracy may have made completing the VAS difficult for some participants. Finally, the results in our study population may not be generalizable to all patients with uncontrolled hypertension.
Our results indicate that objective measures of adherence may be needed to guide clinicians' management of uncontrolled hypertension. 32 Advances in mobile health technology that allow for wireless transmission of adherence data from electronic monitoring devices may make it feasible to integrate electronic monitoring into clinical practice in the near future. 33 Pharmacy refill patterns may also be useful for identifying non-adherent patients. 34 , 35 Yet prescription refill records do not provide information on the day-to-day dosing immediately prior to a BP measurement, and therefore, do not maximally reduce uncertainty as to whether uncontrolled BP is due to insufficient medication or insufficient adherence. Bioassays that detect antihypertensive medications in the urine and serum represent another objective approach to identifying patients who are non-adherent. [36] [37] [38] [39] [40] These tests, however, only measure whether a medication was taken at all during a short period of time preceding the test, and hence, may fail to identify intermittent non-adherers.
In summary, we have shown that two commonly used SRQs, the MMAS-8 and VAS, have modest utility in identifying patients with uncontrolled hypertension with and without nonadherence to antihypertensive medications. Further work is needed to validate other promising SRQs with electronic adherence measurement and to develop new SRQs with better test properties. 
